The structural characteristics of the engagement of major histocompatibility complex (MHC) class II-restricted self antigens by autoreactive T cell antigen receptors (TCRs) is established, but how autoimmune TCRs interact with complexes of self peptide and MHC class I has been unclear. Here we examined how CD8 + T cells kill human islet beta cells in type 1 diabetes via recognition of a human leukocyte antigen HLA-A*0201-restricted glucose-sensitive preproinsulin peptide by the autoreactive TCR 1E6. Rigid 'lock-and-key' binding underpinned the 1E6-HLA-A*0201-peptide interaction, whereby 1E6 docked similarly to most MHC class I-restricted TCRs. However, this interaction was extraordinarily weak because of limited contacts with MHC class I. TCR binding was highly peptide centric, dominated by two residues of the complementarity-determining region 3 (CDR3) loops that acted as an 'aromatic-cap' over the complex of peptide and MHC class I (pMHCI). Thus, highly focused peptide-centric interactions associated with suboptimal TCR-pMHCI binding affinities might lead to thymic escape and potential CD8 + T cellmediated autoreactivity.
The locus on human chromosome 6 that encodes the major histocompatibility complex (MHC) is the most important genetic locus for human autoimmune diseases, which indicates that the recognition of self antigens by T cells initiates and drives pathology 1, 2 . Most, but evidently not all, self-reactive T cells are eliminated in the thymus by negative selection 3 . Hence, there is a pressing need to better understand the molecular interactions through which disease-relevant T cell antigen receptors (TCRs) bind to ligands consisting of complexes of self-derived peptide and MHC (self-pMHC) and escape thymic negative selection to populate the periphery. Structural studies of many non-autoimmune complexes of TCR and peptide-MHC (TCR-pMHC) have demonstrated that this can be a variable and versatile interaction [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in which a prototypic diagonal TCR-pMHC docking mode is used with the α-and β-chain variable-region domains of the TCR positioned over the α2 and α1 helices of the MHC molecule, respectively 4, 15 . In contrast, at present the structural database for human autoantigen-reactive TCRs in complex with their self ligands is very limited. Three complexes show atypical binding properties relative to that of pathogen-specific TCR-pMHC complexes 13, 16, 17 , such as a predominant focus on the amino-terminal region of the peptide or excessive tilting 13, 16 , which has led to the proposal that autoreactive TCRs have an abnormal docking mode. However, only four structures in total have been described so far, and all are restricted to MHC class II and specific for myelin basic protein (MBP) 13, 14, 16, 17 , an autoantigen targeted in multiple sclerosis. At present, no structural or molecular data exist for other human autoimmune diseases. More notably, there has been no exploration of the molecular interaction between an autoreactive TCR and a complex of self peptide and MHC class I (self-pMHCI) displayed on the surface of a target cell that is destroyed as the central component of autoimmune disease pathology.
To address that knowledge gap, we turned to type 1 diabetes, an organ-specific autoimmune disease focused on the islets of Langerhans, in which beta cells are destroyed, which leads to lifelong insulin dependence. Genome-wide association studies have demonstrated a key role for genes encoding MHC class I in determining disease susceptibility (those encoding the human leukocyte antigens HLA-A*02, HLA-B*18, HLA-A*24 and HLA-B*39) 1 with a relative risk similar to or greater than that of more classically associated genes such as INS (which encodes preproinsulin (PPI)) and PTPN22 (which encodes the lymphoid tyrosine phosphatase PTPN22 (Lyp)). As the main role of MHC class I is to present peptide antigens to CD8 + cytotoxic T lymphocytes, there are sound reasons for proposing that CD8 + T cells specific for beta cell-derived peptides, presented by MHC class I molecules, have a pivotal role in beta-cell destruction. Indeed, CD8 + 2 8 4 VOLUME 13 NUMBER 3 MARCH 2012 nature immunology A r t i c l e s T cells dominate the characteristic islet mononuclear-cell infiltrate observed after death in patients studied close to diagnosis 18 and are required to mediate efficient adoptive transfer of disease in animal models 19 . A CD8 + T cell clone (1E6) specific for the major beta-cell autoantigen PPI has been generated from a blood sample obtained from a patient studied 3 months after the onset of type 1 diabetes, diagnosed according to criteria of the American Diabetes Association and including acute onset of symptoms, glycosuria, random plasma glucose concentration measurement of >11.1 mmol/l and positivity for autoantibodies to the glutamic acid decarboxylase GAD65 (ref. 20) . The 1E6 clone mediates beta cell-specific killing via recognition of a highly distinctive signal peptide epitope (amino acids 15-24 of PPI) presented by HLA-A*0201 that shows glucose-dependent presentation on the surface of human beta cells 20 . The contact between the TCR of this clone and self-pMHCI on the beta-cell surface is thus representative of a critical, disease-determining molecular interaction in a common human autoimmune disease. Here we present the structures of the TCR expressed by the beta cell-specific cytotoxic CD8 + T cell clone 1E6, its cognate antigen HLA-A*0201-ALWGPDPAAA (A2-ALW), and the 1E6-A2-ALW complex. This structure of an autoreactive TCR-self-pMHCI complex furthers the understanding of how autoreactive T cells may escape into the periphery by demonstrating a previously unknown mechanism for the recognition of an MHC class I-restricted self antigen by an autoreactive TCR.
RESULTS

T cell clone 1E6 kills human islet cells with high sensitivity
To confirm the role of 1E6 T cells in type 1 diabetes, we extended published studies of 1E6-mediated killing 20 through the use of human islet cells purified from three additional HLA-A*0201 + organ donors. Robust killing has been reported for islet cells pretreated with cytokines as a means to increase HLA-A*0201 surface expression 20 , which recapitulates the well-described islet hyperexpression of MHC class I seen in human type 1 diabetes 21 . However, here we found that untreated islet cells with resting amounts of MHC class I expression and without the addition of exogenous PPI peptide (amino acids [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] were also highly sensitive to killing by 1E6 T cells (Fig. 1) . We observed killing by 1E6 cells in the absence of cytokine treatment; this was enhanced in islets pretreated with cytokines to induce expression of HLA class I (Supplementary Fig. 1 ). These data demonstrated that 1E6 T cells were able to engage with naturally occurring amounts of self-pMHCI ligand (Supplementary Fig. 1 ) and were able to mediate disease-related effector functions as a consequence. Moreover, the circulation of most patients with type 1 diabetes showed enrichment for CD8 + T cells with specificity for this key beta-cell target, as demonstrated by enzyme-linked immunospot analysis of interferon-γ 20 and staining of peripheral blood lymphocytes with a multimer of HLA-A*0201 (A2-ALW) loaded with amino acids 15-24 of PPI 22 , and these CD8 + T cells had a 'preferential' effector memory phenotype (data not shown). Thus, beta cell-reactive CD8 + T cells specific for A2-ALW probably mediate important effector functions in patients with type 1 diabetes 20 .
A central Gly-Pro-Asp motif governs recognition by 1E6 Next we probed the specificity of 1E6 T cells with a comprehensive peptide-mutagenesis scan. We used the index ALWGPDPAAA sequence as a template and systematically substituted each residue along the backbone with all other 19 amino acids. We assessed the production of tumor necrosis factor as the activation 'readout' . By this approach, we found that the 1E6 TCR was tolerant to changes in peptide residues Ala1, Leu2, Ala8, Ala9 and Ala10; in some cases, substitution at these residues generated larger responses than that generated by the index peptide (for example, substitution of Ala1 with Arg1, and Leu2 with Gln2; Fig. 2) . Modifications of anchor residues can directly alter TCR binding affinity and T cell sensitivity 23 ; thus, npg the enhanced responses observed could have reflected, at least in part, indirect modifications to the conformation of the peptide that aid TCR binding. In contrast, modifications to the central Gly-Pro-Asp motif were not well tolerated. Modifications to this region of the peptide resulted in activation that was at least half as great in all instances, whereas changes to other regions of the peptide were much less critical and in some cases resulted in more activation than that obtained with the wild-type sequence. This was consistent with published structural data showing that TCRs generally focus on the central residues of the peptide, which typically bulge out of the MHC groove 4, 15 . Overall, the functional mutagenesis scan demonstrated the critical importance of the central Gly-Pro-Asp motif in peptide recognition by the 1E6 CD8 + T cell clone.
The 1E6 TCR binds very weakly to A2-ALW We next determined the affinity of the 1E6-A2-ALW interaction by analysis of surface plasmon resonance (SPR). Typically the affinity of a pathogen-specific TCR-pMHCI interaction is in the region of 1-10 µM (ref. 24) . In contrast, the binding affinity of the 1E6-A2-ALW interaction was very low (a dissociation constant of ~278 µM ± 7.6 µM at 25 °C), with kinetics that were too rapid to measure ( Table 1 and Supplementary Fig. 2 ). To confirm that this weak interaction was not temperature dependent, we also measured the binding affinity at 5 °C (dissociation constant, ~274.5 µM) and 37 °C (dissociation constant, ~335 µM); the latter reflected physiological conditions ( Table 1) . Thus, similar to some other interactions of TCRs with self peptide-MHC class II 17, 24 , the affinity of this MHC class I-restricted autoreactive TCR was very low and within the overall spectrum of TCR-pMHCI interactions for which biophysical data are available. Indeed, to our knowledge, this is the lowest TCR-pMHC affinity recorded for any natural human agonist ligand.
The 1E6 TCR binds pMHC in a canonical orientation To investigate the structural basis of a CD8 + T cell response to an HLA-A*0201-restricted, PPI-derived epitope, we solved the structure of the 1E6 TCR in complex with A2-ALW in two different crystal forms at a resolution of 2.6Å and 2.7Å (Supplementary Table 1 ). The ternary complexes were almost completely identical in the two different crystal forms and thus we restricted our analysis to the complex solved at a higher resolution. The electron density at the interface was unambiguous, which permitted structural analysis ( Supplementary  Fig. 3 ). Furthermore, we solved the structures of the binary A2-ALW complex and the 1E6 TCR not in complex to resolutions of 1.7Å and 2.6Å, respectively (Supplementary Table 1 ), which enabled assessment of the degree of conformational change that took place after complex formation. Indeed, whereas plasticity of either the TCR and/or the peptide is a hallmark of the TCR-pMHC interaction 8, 12, 25, 26 , neither the 1E6 TCR nor the A2-ALW complex moved appreciably during ligation. This indicated that the 1E6 autoreactive TCR engaged the self-pMHCI in a rigid 'lock-and-key' manner ( Supplementary Figs. 4 and 5) . Contrary to reports that some autoimmune TCRs bind to selfpMHC complexes with atypical docking modes 13, 16, 17 , the 1E6 TCR bound in a conventional, centrally located orientation, with the TCR α-chain positioned over the α2 helix of MHC class I and the TCR β-chain positioned over the α1 helix of MHC class I (Fig. 3a) . Indeed, the docking angle of 58.4° for the TCR (calculated as reported before 4 ) for the 1E6-A2-ALW complex was within the range observed for other human TCR-pMHC complexes (32°-80°), with the 1E6 TCR located over the solvent-exposed Gly-Pro-Asp bulge of the ALW peptide (Fig. 3a,b) . The surface-complementarity index across the interface was 0.61, which was also in the normal range for TCR-pMHCI complexes (0.60-0.72) 11 . Further, the total buried surface area of the 1E6-A2-ALW complex was 1,640Å 2 , at the lower end of the range observed for human TCR-pMHCI complexes (1,470-2,450 Å 2 ). Thus, the 1E6-A2-ALW complex had overall characteristics typical of most previously determined TCR-pMHCI structures.
Recognition by the 1E6 TCR involves limited MHC contacts Although in most TCR-pMHC structures solved so far the number of TCR contacts with peptide is less than the number of contacts with the restricting MHC molecule 4 , the 1E6-A2-ALW interaction was unusually peptide centric (discussed below) with a footprint with more limited MHC contact than that of other antipathogen TCRpMHCI structures. For example, the crystal structure of the AS01 TCR in complex with the HLA-A*0201-restricted, Epstein Barr virusderived antigen A2-GLC (the GLCTLVAML (GLC) peptide from the Epstein Barr virus protein BMLF1) 11 demonstrated far broader TCR interactions with both the MHC surface and the peptide (Fig. 3c,d) .
Comparison of the surface contacts of the 1E6 and AS01 TCRs 27 . In comparison, the 1E6 TCR formed only 1 hydrogen bond, 1 salt bridge and 24 van der Waals contacts with the MHC (Table 2) . At the interface, only the complementaritydetermining region 3 α-loop (CDR3α) of the TCR interacted with the MHC surface, whereas both the CDR2β and CDR3β loops made MHC contacts (Fig. 4a) . The CDR3α loop used its residue Asp94 to make one salt bridge and two van der Waals contacts with MHC residue Lys66; Ser95α to make one hydrogen bond and one van der Waals contact with Arg65 and a solitary van der Waals contact with Lys66; and Ser96α to make three van der Waals contacts with Arg65 ( Table 2 and Fig. 4b,c) . Trp97β of the CDR3β loop made a network of two van der Waals contacts each with MHC residues Ala150 and Val152. In addition, there was one van der Waals contact between Ala101β of CDR3β and MHC residue Gln155, and three van der Waals contacts between Lys102β of CDR3β and MHC residue His151 ( Table 2 and Fig. 4b,c) 27 , although the dependence of these positions in mediating TCR recognition is not absolute 4 . Of the nine MHC residues contacted by the TCR, Arg65 made a sizeable network of interactions with both the TCR α-chain and the TCR β-chain. However, although Arg65 was a chief MHC residue contacted by the 1E6 TCR, only one van der Waals contact (>3.4Å) was formed with the MHC 'gatekeeper' residue Gln155, and no contacts were made with the other restriction triad residue, Arg69. This suggests that for this autoreactive TCR-self-pMHCI complex, contacting the conserved 'triad' was not obligatory for productive engagement 30 .
Focused peptide-centric recognition
In contrast to typical TCR recognition of MHC molecules bound to peptides eight to ten amino acids in length 4 , the 1E6 TCR formed more peptide-mediated contacts than MHC interactions. Specifically, six of eight (75%) of the hydrogen bonds and salt bridges, and 53 of 77 (69%) of the van der Waals contacts, were between the TCR and the self peptide ( Table 2 ). The TCR α-chain used only its CDR3α loop to contact the self peptide, forming a total of 2 hydrogen bonds and 32 van der Waals contacts, whereas the TCR β-chain bound the peptide via its CDR1β and CDR3β loops, forming a total of 4 hydrogen bonds and 21 van der Waals contacts. The central positioning of the 1E6 TCR over the ALWGPDPAAA peptide enabled contacts with the central five amino acids (Gly-Pro-Asp-Pro-Ala) of the self 
A cutoff of 3.4Å was used for hydrogen bonds and salt bridges, and a cutoff of 4Å was used for van der Waals contacts. Superscripted designations indicate the element involved in hydrogen bonding or salt bridges; '+ N' indicates insertion of nongermline nontemplated nucleotide(s) during V(D)J rearrangement. A r t i c l e s peptide (Fig. 5a,b) . The TCR CDR3α and CDR3β loops formed a tight binding pocket around the Gly-Pro-Asp motif and accounted for most of the contacts of the self peptide, whereas the CDR1β loop served a lesser role during binding of the self peptide (Fig. 5b) . Whereas the 1E6 TCR was positioned in a canonical diagonal way over A2-ALW (Fig. 3a) , the CDR3 loops of the 1E6 TCR were twisted into a perpendicular orientation over the self peptide, which enabled the formation of more TCR contacts with Pro5 (Fig. 3b) . Although the 1E6 TCR interacted with 50% of the residues in the self peptide, most of the interactions were focused in a contact zone that included just two residues: Pro5 and Asp6. Indeed, Pro5 and Asp6 accounted for four of six of the hydrogen bonds and 34 of 53 of the van der Waals contacts between the TCR and the self peptide ( Table 2 and Fig. 5c,d) . The prominent exposed central position of Pro5 resulted in many contacts between the TCR and the ALW peptide. Pro5 formed one hydrogen bond with TCR residue Asp94α and a notable network of 23 van der Waals interactions with Arg92α, Asp94α, Ser95α and Tyr97α in the TCR CDR3α loop (Fig. 5c) . Asp6 formed one hydrogen bond and five van der Waals contacts with Tyr97α in the TCR CDR3α loop, as well one hydrogen bond and two van der Waals contacts with Tyr31β (CDR1β), and one hydrogen bond and four van der Waals contacts with Trp97β (CDR3β; Fig. 5d ). The structural importance of residues Pro5 and Asp6 of the self peptide was consistent with the mutagenesis data (Fig. 2) . Thus, the 1E6 TCR is highly focused on a minimal motif dominated by residues Pro5 and Asp6 of the self peptide.
Two CDR3 residues dominate TCR contacts
The central role of residues Pro5 and Asp6 of the self peptide during TCR binding was mirrored by the dominant role of two contact residues in the 1E6 TCR in which Tyr97α and Trp97β of the CDR3α and CDR3β loops, respectively, dominated the interface ( Table 2 ) and sat directly over the central Gly-Pro-Asp motif of the self peptide (Fig. 5b,d) . Every pMHC contact made between the 1E6 TCR α-chain and A2-ALW occurred via a germline-encoded residue ( Table 2) . Indeed, the 11-residue 1E6 CDR3α loop was heavily germline encoded, with only three insertions of nontemplated nucleotides encoding Gly93α. The two CDR3α-contact residues Asp94α and Tyr97α were encoded by TRAV12-3 and the joining-region gene TRAJ12, respectively. The longer-than-average 14-residue CDR3β loop enabled the formation of a two-turn α-helix, a secondary structure not seen before, to our knowledge, in TCR CDR loops 4 . This unusual α-helix presented the Trp97β side chain of CDR3β in the correct orientation to make hydrogen bonds with Asp6 of MHC, stack its aromatic ring against Pro7 and Ala8 of MHC, and make contacts with residues on the MHC α2-helix. The finding that Trp97β was the only residue in the CDR3β loop to contact the self peptide emphasized the importance of this residue in the recognition of A2-ALW ( Table 2 and Fig. 5d ). The CDR3β loop was constructed from the products of TRBV12-4, TRBD2 (called 'TRBD2-2' here to reflect the coding allele) and TRBJ2-4, with six insertions of nontemplated nucleotides encoding Trp97β, Lys99β and Leu100β. Tryptophan is rarely found in CDR3 loops, as it is not encoded by the junctional region of any of the 47 genes encoding the TCR α-chain variable region or 54 genes encoding the TCR β-chain variable region. Tryptophan is encoded by just one of 57 TCR α-chain joining-region genes (TRAJ34) and is not present in the products of any of the 13 genes encoding the TCR β-chain joining region. Furthermore, tryptophan is also one of just two amino acids encoded by only one of the 64 genetic codons. Thus, the generation of CDR3 loops, including tryptophan, is statistically less probable during variable-diversity-joining recombination. Overall, when the TCR germline-encoded regions and nontemplated nucleotides are considered, tryptophan is the rarest amino acid in CDR3 loops. Furthermore, prominently surface exposed tryptophan residues are often a signature for the mediation of protein-protein interactions 31 . Thus, Trp97β, in proximity to Tyr97α, is ideally suited to form a receptor-binding interface; indeed, this combination of residues formed an 'aromatic cap' that dominated TCR contacts with the A2-ALW complex. These highly focused interactions between just two residues of the TCR and two residues of the self peptide governed the antigen specificity of the 1E6 TCR.
DISCUSSION
Despite mounting evidence that MHC class I-restricted CD8 + T cells have a pivotal role in the development of type 1 diabetes, the structural and biophysical basis for such an interaction with target beta cells has not been studied. To investigate the molecular basis for the recognition of an HLA-A*0201-restricted PPI epitope (A2-ALW) by a CD8 + T cell clone, we solved the structures of the autoreactive 1E6 TCR and A2-ALW in isolation and in complex. Overall, the 1E6 TCR bound to A2-ALW in a canonical diagonal way, with the CDR3 loops positioned over the central bulge of the peptide. Nevertheless, despite this standard docking orientation, the 1E6 TCR engaged A2-ALW with an extremely low affinity, attributable to a lower-thanaverage buried surface area and limited MHC-contact footprint. Furthermore, several other features of the complex were noteworthy. In contrast to most TCR-pMHC structures determined so far, this autoreactive TCR-self-pMHCI interaction was characterized by a rigid 'lock-and-key' conformation more typical of innate receptors npg A r t i c l e s or of natural killer T cell TCR-antigen-presenting molecule CD1d-antigen interactions 32, 33 . Moreover, the interaction was dominated by the CDR3 loops, consistent with a previously proposed system in which non-germline-encoded CDR3 loops drive the energetic landscape of recognition 34 yet in conflict with present theories about the role of the CDR1 and CDR2 loops as determinants of MHC restriction 28, 29, 35, 36 . The findings that patients with type 1 diabetes showed considerable enrichment for T cells specific for this antigen 20, 22 and that 1E6 T cells killed resting beta cells in vitro suggest that ultra-lowaffinity binding and a highly limited MHC footprint are still sufficient to have an important effect on the destructive processes that lead to insulin deficiency and type 1 diabetes. Unusually, the 1E6-A2-ALW interaction was focused mainly through just two aromatic TCR residues, with Tyr97α and Trp97β accounting for 64% of the contacts. Residue-focused binding was mirrored by the self peptide, in which just two of five TCR contact residues (Pro5 and Asp6) constituted 63% of the contacts. Thus, the interaction between the 1E6 TCR and the ALW peptide was exquisitely focused and was governed by a binding mechanism dominated by just two residues of the TCR and two residues of the self peptide. Aromatic residues, and surface-exposed tryptophan residues in particular, commonly participate in protein-protein interactions 31 yet are relatively rare in TCR CDR3 loops. Nonetheless, Tyr97α and Trp97β seemed to be the driving force in this otherwise weak TCR-pMHCI interaction, acting as an aromatic cap that perched on the central region of the self peptide.
There is considerable interest in how T cells bearing TCRs that interact with autoantigens escape negative selection in the thymus and populate the periphery. Comparison of 1E6-A2-ALW and four other self-reactive human TCR-self-pMHC complexes with a typical HLA-A*0201 pathogen-reactive complex emphasized some of the differences in the binding of TCRs to autoimmune and microbial antigens observed so far. These differences suggest several possible mechanisms to explain how self-reactive T cells might escape negative selection. First, a TCR specific for HLA-DR4-MBP has been shown to bind cognate antigen with high affinity and normal topology 14 . This is the strongest TCR affinity reported so far for any MHC class II-restricted antigen and is in the range reported for pathogen-specific MHC class Irestricted TCRs 24 . However, the HLA-DR4-MBP epitope is highly unstable, which has led to the hypothesis that T cells responding to low antigen densities in the thymus could receive a weak signal for positive selection, but then activate in response to higher antigen densities in the periphery. Second, self-reactive TCR-pMHC complexes, such as Ob.1A12-HLA-DR2a-MBP, 3A6-HLA-DR2-MBP and hy.1B11-HLA-DQ-MBP, have unusual conformations relative to those of the more conventional pathogen-specific TCR-pMHC interactions 13, 16, 17 . Such unusual TCR-self-pMHC binding orientations may allow T cells bearing these TCRs to bypass negative selection signals. Our own findings suggest a third route of thymic escape. The 1E6 TCR bound A2-ALW conventionally but with a very low affinity that was highly peptide centric. The low affinity of 1E6 TCR may be below the threshold needed to induce negative selection but sufficient to induce killing of beta cells 20 . We speculate that, for this TCR at least, the presence of cognate self-pMHCI in the thymus is very important in terms of selection. It is noteworthy that the INS gene encoding PPI is transcribed and translated in the thymus and that having a variable number of tandem repeats of a consensus sequence located 5′ of the coding region is the strongest genetic risk for type 1 diabetes outside the MHC 37 . Homozygosity for alleles containing few repeats (identified by the single-nucleotide polymorphism AA at rs689) confers a relative risk of more than twofold for disease and is associated with 30-50% the amount of thymic transcription of PPI that occurs in the homozygous protective state (TT at rs689) 38 . It is proposed that lower thymic INS expression impairs central tolerance to PPI, and this paradigm is supported by the demonstration that nonobese diabetic mice with targeted deletion of Ins2 (the mouse ortholog of INS) show enhanced T cell reactivity to insulin and more rapid and penetrant disease 39 . The patient with type 1 diabetes from whom 1E6 was obtained has AA at rs689. Notably, all three of the mechanisms described above represent atypical recognition parameters that may help self-reactive T cells to bypass thymic deletion.
The observation that clone 1E6 had the lowest affinity of a TCR for pMHC described so far, to our knowledge, yet remained able to kill resting human HLA-A*0201 beta cells with low expression of HLA class I, is a further potentially important finding in the context of disease pathogenesis, as it suggests that such clones have the potential to engage nonconditioned targets. Most disease models of the pathogenesis and initiation of type 1 diabetes proposed so far have suggested that islet inflammation occurs first and that the resulting cytokineinduced islet hyperexpression of HLA class I facilitates CD8 + T cell killing. Our data raise the possibility that CD8 + T cell killing could be an early event. Preexisting low-affinity CD8 + T cells could also be relevant in the setting of islet transplantation, in which donor beta cells have resting expression of HLA class I and therefore constitute targets for 1E6-like CD8 + T cells. Similarly, the future use of genemodified beta cell-replacement therapy may need to include designs that limit the expression of HLA class I to avoid disease recurrence. Finally, our observations raise the consideration of whether 1E6-like autoreactive T cells with ultra-low-affinity TCRs are originally primed by self or non-self ligands. We believe our findings indicate the latter is more likely, especially in the context of many studies suggesting a link among viruses, islet autoimmunity and type 1 diabetes. Extensive searching of databases of viral proteins with the sequence ALWGPDPAAA or modifications tolerated by 1E6 TCR, followed by examination of stimulation of 1E6 in vitro, have not shown any potential virus-derived ligands so far (data not shown). However, the number of complete sequences of viruses that might be considered of highest relevance (such as the human enteroviruses) and are in the public domain are limited at present, and pathogen cross-reactivity remains an important question that needs to be addressed. The 1E6 clone recognizes over a million distinct ten-amino acid peptides in the context HLA-A*0201 (ref. 40) . A large number of peptides acted as much better agonists than the PPI-derived peptide ALWGPDPAAA. The peptide RQFGPDFPTI was >100-fold more potent than that index self peptide despite differing from the index sequence at seven of ten amino acids. These findings emphasize the potential of TCR degeneracy as a causative factor in autoimmune disease.
In summary, we have presented here the structure of a human TCR in complex with an autoreactive MHC class I-restricted antigen. Collectively, our observations suggest that CD8 + T cells expressing the 1E6 TCR could evade negative selection due to a 'light-touch' MHC contact footprint and weak TCR binding. In the periphery, beta cells operating in the presence of higher glucose concentrations, combined with the proinflammatory milieu that leads to hyperexpression of MHC class I, might drive high surface expression of A2-ALW and render such cells susceptible to antigen-experienced, 1E6-like CD8 + T cells 20, 41 . Such T cells with low avidity for self probably require priming through contact with an infectious agent. It is possible that the unusual features of the binding of the 1E6 TCR, focusing on just two residues in the self peptide, as seen here, might increase the chances of cross-recognition of pathogen-derived peptides. Indeed, it has been speculated that such 'hot-spot mimicry' limited to a small npg number of key features in the TCR-binding footprint could contribute to the initiation of multiple sclerosis 42 . Collectively, these data suggest a mechanism by which 1E6-like CD8 + T cells avoid thymic culling to populate the periphery and cause disease.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
